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ABSTRACT
FUNDAMENTAL STUDY OF OXIDE FILM FORMED ON ALUMINUM ELECTRODE IN
ALUMINUM-AIR BATTERY
Abdul Kaleem Mohammad, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Kyu Taek Cho, Thesis Director
Lithium-ion battery has been the most popular energy-storage system for stationary,
portable, and transportation systems, but it faces challenging issues such as low energy density
(i.e. short driving range), high system cost, durability and safety-related issues. In this study, we
revisited “Aluminum-Air Battery”, which is promising but could not get much attention, to find
the breakthrough technologies to resolve those issues of conventional systems. The aluminum-air
battery has excellent benefits such as aluminum metal is abundantly available in earth’s crust, high
energy density of 2.8 kWh/g which is about 7 times greater than Li-ion battery (0.38 kWh/kg), but
due to (1) the side reaction between aluminum and water causing hydrogen gas evolution due to
which battery cannot be recharged and (2) the formation of oxide film on the surface that inhibits
electrochemical reaction at the surface resulting in much lower cell performance than theoretically
expected performance.
To eliminate side reaction completely, a non-aqueous electrolyte has been used in this
research. It is known that the shape of the oxide film is determined by the force balance between
electro-compressive due to potential difference between metal and oxide (film breaking force) and
surface-tension of oxide (film forming force). Oxide film should be broken down to increase rate
of electrochemical reaction and thereby to increase the performance of the battery. The electro-

compressive force acting across oxide film is constant for a given oxide thickness. Hence surface
tension of oxide film should be decreased to break the film. In this research, change in surface
tension of oxide film and its dependence on aggressive ions in the electrolyte is investigated.
Ionic liquid was made in varied ratios of cation ([EmIm]Cl) to anion (AlCl3) to check its
effect on battery performance. Conductivity decreases from 16.2 mS/cm at 1:1 ratio to 14.6 mS/cm
at 1:1.5 ratio as multi coordinated chloraluminite species formed at higher ratios of ionic liquid
decrease mobility and thereby decrease conductivity of ionic liquid. More chloride in solution
decreases surface tension of oxide and breaks the oxide film at much lower thickness. Hence there
has been an increase in bare active surface area of aluminum which increased OCV measured by
the cell from 0.45 V to 1.4 V, but also decreased conductivity and increased ohmic losses which
reduced maximum current discharged from 5.8 mA/cm2 at 1:1 ratio to 3.4 mA/cm2 at 1:1.5 ratio
of the ionic liquid.
Change in surface morphology of aluminum anode for different ratios of the ionic liquid
and exposure time of aluminum anode to ionic liquid is investigated using Scanning Electron
Microscope. Chlorine adsorption density on aluminum surface has been calculated using Energy
Disruptive X-ray spectroscopy (EDX) analysis. Chlorine adsorption density can be used to predict
an optimal concentration of chlorine in the electrolyte to decrease the surface tension of oxide film
to an optimal value. To conclude, this research aims towards understanding the formation, growth
and breakdown of oxide film. In addition, it also intends to suggest the design guideline for
chlorine concentration in electrolyte and exposure time of aluminum anode to the electrolyte. This
will eventually enhance the performance and efficiency of the battery.
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NOMENCLATURE
ic

Corrosion current

ic0

Exchange current density

α

Parameter between 0 and 1

F

Faraday constant

R

Universal Gas constant

T

Absolute temperature

𝜂𝑂23

Overpotential

ɛ2

Potential of oxide

ɛ23

Potential difference between oxide and electrolyte

ɛ3

Potential of electrolyte

il

Film formation or dissolution rate

il0

Exchange current density

p

Film pressure

P0

Atmospheric pressure

ɛ

Dielectric constant

E

Intensity of electric field

γ

Surface tension of oxide

L

Film thickness

U

Negative potential of aluminum

d

Thickness of oxide

q

Charge density at film-solution interface

φ

Electrode potential

ΓA-

Anion adsorption density

µKA

Chemical potential of salt

Φ*

Breakdown potential

ΓA-*

Anion adsorption density at breakdown potential

aKA

Activity of anion

CHAPTER 1
INTRODUCTION

1.1 Research background
Increase in demand for storage of energy has made engineers and researchers develop new
systems of batteries and fuel cells. For many decades, lithium-ion battery has been the focus of
research and development due to its excellent power and energy density [1]. Continuous research
for lithium-ion batteries has improved its electrochemical performance and capabilities in every
aspect such as cycle life, operating voltage, cost, safety, power and energy densities leading to its
unparalleled application as a power source in automotive, laptops, aircrafts etc. [2]. But, lithium
being a group I metal in the periodic table has very high reactivity, it is extremely sensitive to
moisture and flammable upon exposure to atmosphere has made the lithium-ion battery unsafe to
the environment. Researchers have been focusing on finding alternative systems that are safer for
the environment, stable in atmospheric conditions, and comparable electrochemical properties to
replace current lithium systems. In this research, we have revisited Aluminum-air battery which is
promising but could not get much attention, to find the breakthrough technologies to resolve those
issues of conventional systems.
1.2 Safety issues of conventional batteries
The open circuit voltage developed from a single lithium-ion cell is about 2.9 V [3]. To
increase the power output, unit cells are connected in series as shown in
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Figure 1. Lithium metal is used as anode in these cells. Lithium being a very flammable
material to moisture, it tends to catch fire very easily upon exposure to the atmosphere. This can
be attributed to the volatile nature of electrolyte used in cells, difficulty in controlling the
temperature of individual cells, and lithium itself is very sensitive to moisture. As a result, one cell
burst into flames. Since all cells are connected in series, the flame will propagate to all the cells
and destroys the whole battery. This effect can be seen in everyday life events such as burning of
an electric car, burned laptop battery, burned battery of aircraft etc. Hence, a new system of battery
that is intrinsically safe needs to be developed.

Figure 1: Battery module having unit cells in serial connection
1.3 Batteries for automotive systems
As oil reserves get depleted by everyday consumption and increase in atmospheric pollution
by emissions of internal combustion engines, demand for electrically driven vehicles has been
increasing. It is believed that soon electrical engine vehicles will replace internal combustion
engines. Source of power in electrical automotive is the battery. From the batteries currently being
used, lithium-ion battery dominates all other systems due to its excellent characteristics such as
high operating voltage, power and energy density etc. Figure 2 is where we currently stand in the
application of cars driven by batteries. It can be seen from the Figure 2 that among the available
battery systems, lithium-ion has the highest specific energy of 150 Whkg-1. Its driving range is
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about 160 km which is average distance driven in the USA for a day. The commute distance of
160 km comes at a cost of 600 US$ kWh-1. As a promising system in research stage, the LithiumSulfur battery has the best specific energy at 600 Whkg-1 corresponding to a commute distance of
more than 400 km for one charge. Theoretically, best system is lithium-air system with a specific
energy of 900 WhKg-1 with a driving distance of more than 550 km per charge corresponding to a
cost under 150 US$ kWh-1. But, due to the very high sensitivity of lithium to moisture, and
flammability, this system is still in its research and development stages [4]. For electric vehicles
to replace automotives using IC engines, department of energy quantified that following
requirements to be met by the electric vehicles. Firstly, the driving range in single charge should
be increased and secondly, the cost per kWh-1 should be less than 150 US$ as that is the cost for
IC engines. With the current batteries, it is difficult to meet those terms, and hence, a new system
of battery which is reliable, environmentally safe, less expensive has to be developed.

Figure 2: Batteries for automotive systems [4]
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1.4 Introduction to Aluminum-air system
Due to the high sensitivity nature of lithium to moisture, use of other material as the anode in
batteries is of utmost priority. Aluminum is a trivalent metal and is placed in group 13 in the
periodic table. Aluminum has very high specific gravimetric capacity of 2.89 Ah/g which is greater
than most metals, and is comparable to lithium’s specific gravimetric capacity of 3.86 Ah/g. Table
1 shows the comparison of various metal-air systems. The theoretical open circuit voltage
developed by an aluminum-air cell is 2.7V and is second only to 3.5V generated by lithium-air
cell. The specific energy of aluminum though is at 2.8 kWh/g which is greater than seven times of
lithium’s 0.38 kWh/g. Aluminum is less sensitive to moisture and humid conditions than lithium
and is very safe under atmosphere. And, aluminum is abundantly available in earth’s crust making
it inexpensive than lithium and hence overall cost of aluminum-air battery is less compared to
lithium-air battery.
Table 1: Comparison of metal-air systems
Pair

Anode Reaction

Capacity

Energy

Cell Voltage

(Ah/g)

(Wh/Kg)

(V)

Li-air

Li + OH- = LiOH + e-

3.86

3.9

3.45V

Al-air

Al + 3OH- = Al(OH)3 + 3e-

2.98

2.8

2.70

2.20

2.8

3.09

Mg-air Mg + 2OH- = Mg(OH)2 + 2eCa-air

Ca + 2OH- = Ca(OH)2 + 2e-

1.34

2.5

3.42

Fe-air

Fe + 2OH- = Fe(OH)2 + 2e-

0.96

0.8

1.28

Zn-air

Zn + 2OH- =Zn(OH)2 + 2e-

0.82

0.9

1.65

Despite having such excellent properties, severe corrosion rate and oxide film covering
surface of aluminum has hindered the practical application of aluminum-air batteries and the
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practical voltage developed in the cell is about 1.5V [5]. Challenging issues preventing aluminumair battery to be developed will be discussed in detail in the next section of this chapter.
1.5 Challenging issues of Aluminum-air battery
Much of the promises of aluminum-air battery are overlooked due to the low performance of
the battery. One of the reasons for low voltage developed in the cell and performance being low is
the parasitic cover of the oxide film on the aluminum surface. Another main reason is the selfcorrosion and side reaction evolving hydrogen gas during the charging process. Localized
aluminum deposition leading to dendrite formation has also been the main hindrance for
advancement in the aluminum-air battery.
1.5.1 Parasitic oxide film
An oxide film is always present on the surface of passive metals such as iron, aluminum,
zirconium etc. due to the exposure of metal to air. A schematic picture of the aluminum surface
covered with oxide is shown in Figure 3. The thickness of oxide film is generally in the range of
3-5 nm and is dependent on the atmospheric temperature to which aluminum is exposed [6]. This
oxide film passivates aluminum surface and acts as a barrier to the flow of ions from the surface
of the metal to electrolyte as shown in Figure 3. Passivation of metal surface by the oxide film
prevents further corrosion of metal with environment and hence aluminum is largely used in many
applications such as buildings, cans etc. But, when aluminum is used as anode in battery, the oxide
film blocks the flow of electrons from the metal to the electrolyte and the performance of the
battery is decreased. The growth of oxide film should be controlled and it should also be broken
down to enhance the performance of the battery. Structure of oxide film, breakdown mechanism
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of the oxide film, controlling the growth of oxide film, factors affecting growth or breakdown of
oxide film will be discussed in detail in chapter [3] of dissertation.

Figure 3: Parasitic oxide film formed on Aluminum surface

1.5.2 Side reaction causing hydrogen evolution during charging
Since charge reaction is not spontaneous, electrical energy must be supplied to charge the
cell. But, due to water in aqueous electrolyte, all the supplied electrical energy is utilized for side
reaction causing hydrogen evolution rather than charge reaction. This is due to the difference in
negative potential of aluminum (1.667 V) and hydrogen (0.0 V). Equation 1 represents side
reaction causing hydrogen evolution.
2𝐴𝑙 + 6𝐻2 𝑂 + 2𝑂𝐻 − → 2𝐴𝑙(𝑂𝐻)−
4 +3𝐻2 ↑

(1)

Hence, a new non-aqueous electrolyte that does not corrode aluminum surface and is also
stable in the operating electrochemical window needs to be developed for recharging the
aluminum-air battery. Such an electrolyte and its effect on side reaction will be discussed in chapter
[5] of this dissertation.
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1.5.3 Dendrite formation
In the charging process, aluminum ions are deposited on the surface of aluminum. This
deposition occurs locally only at a few favorable sites which has lower surface energy rather than
at the entire available surface area. Hence, the aluminum metal is deposited locally and a conical
structure like a dendrite is formed as shown in Figure 4. Negative sign represents anode and
positive sign represents cathode in Figure 4. It can be seen in Figure 4 that when the dendrite
formation is large enough, it crosses over the membrane and encounters the cathode. Electron must
be transferred from anode to cathode through an external circuit but due to contact between anode
and cathode, electron transfer occurs within the cell. This leads to high heat generation in the cell
and short-circuit of the cell. Consequently, the battery burns and fails. Hence the electrolyte in the
cell should be able damp the dendrite formation. The electrolyte that has the damping property
will be discussed in chapter [4] of this report.

Figure 4: Dendrite formation
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1.6 Literature review
Renaud Revel et all (2014) [3] used ionic liquid of 1-Ethyl, 3-Methyl Imidazolium Chloride
([EmIm]Cl) and AlCl3 as a salt. Aluminum chloride acts as Lewis acid as is readily accepts
electrons to fill valence orbit with eight electrons. Hence, he postulated that chloroacidity plays a
major role in speciation, reactivity, and electrochemistry in chloroaluminate ionic liquids. Acidity
increase due to increase in ionic liquid ratio of cation ([EmIm]Cl) to anion (AlCl3) was also
discussed in his research. They measured the variation in conductivity due to variation in the ratio
of cation to anion in the ionic liquid. Cyclic voltammetry experiments were conducted for different
nature of melts of ionic liquid and concluded that multi coordinated chloroaluminates and presence
of free chlorine reduces the electrochemical window of operation. Discharge performances were
conducted for acidic melt (1:1.5 ratio of ionic liquid) at different current rates and it was concluded
that decrease of discharge capacities at high current densities is due to very large ohmic drop at
the start of the discharge process. Charge performance of the battery was also measured and post
charge scanning electron microscope analysis of air cathode suggested that air cathode is limiting
the charge behavior of the battery at higher potentials.
D. Gelman et all (2014) [7] employed EmIm-(HF)2.3F as an ionic liquid in their aluminum-air
battery. This electrolyte was chosen because chloroaluminate ionic liquids are very sensitive to
moisture. A decreased self-corrosion current of 25 µA/cm2 was observed in these cells compared
to 10-100 mA/cm2 with aqueous electrolytes. The cells were discharged at currents ranging for 0.1
mA/cm2 to 1.5 mA/cm2 under atmospheric and airless conditions and concluded that cathodic
reaction involves oxygen reduction reaction as the battery failed to operate in airless condition.
High resolution scanning electron microscopy and X-ray Photoelectron Spectroscopy
measurements (XPS) were done to analyze aluminum surface after discharge. It was concluded
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from the surface analysis that at higher currents, dissolution of aluminum is rapid and leads to
surface coarsening.
1.7 Objectives
As discussed in the previous sections of this chapter, the aluminum-air battery is a promising
system for energy requirements but is hindered by challenging issues such as oxide film cover on
aluminum surface and side reaction causing hydrogen evolution. As discussed, Oxide film reduces
electrochemical reaction rate as it blocks the flow of electrons and ions through the anodeelectrolyte interface. Hence, this oxide film must be removed to increase the transportation rate of
ions to the electrolyte. To break this oxide film, its structure and the controlling parameters for the
formation of oxide film must be understood thoroughly. The mechanism of growth and breakdown
should also be understood to effectively increase the performance of the battery. When the oxide
film is broken down, bare surface of aluminum is accessible for the electrolyte and the voltage
increases and the performance of the battery is enhanced. To eliminate side reaction, a non-aqueous
electrolyte is used which has aggressive ions. Corrosion of aluminum surface by aggressive ions
increases with time. Prolonged exposure can completely vanish oxide film and hence metal will
be heavily corroded and voltage is decreased. Determination of concentration of such aggressive
ions to decrease the surface tension of the oxide film and determination of exposure time of
aluminum surface to ionic liquid to have the best condition of the aluminum electrode for enhanced
battery performance will be the focus of this research.

CHAPTER 2
BATTERY CELL STRUCTURE

2.1 Schematic of aluminum-air battery
Figure 5 shows the cell structure used in this work. Aluminum metal is used as an anode
and platinum coated carbon paper (Gas Diffusion Electrode) serves as a cathode and they are
separated by a membrane dipped in electrolyte. In the discharge process, at the anode-electrolyte
interface, aluminum oxidizes to aluminum ions and electrons are released. This is called as an
anodic reaction and is given in Equation 2. The aluminum ions migrate through the electrolyte
and reach the cathode-electrolyte interface whereas the electrons reach the cathode-electrolyte
through an external circuit as shown in Figure 5.

Figure 5:Cell structure
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Oxygen is supplied externally and diffuses through the gas diffusion electrode to reach the
cathode-electrolyte interface. At the cathode-electrolyte interface, oxygen and aluminum ions react
in the presence of electrons and aluminum oxide is formed. This reaction is called as oxygen
reduction reaction (ORR) or cathodic reaction and is given by Equation 3.
𝐴𝑙 → 𝐴𝑙 3+ + 3𝑒 −

(2)

𝐴𝑙 3+ + 3𝑒 − + 𝑂2 → 𝐴𝑙2 𝑂3

(3)

The overall cell reaction is given in Equation 4 and cell generates a theoretical voltage of
2.7 V.
𝐴𝑙 + 𝑂2 → 𝐴𝑙2 𝑂3

(4)

It should be noted from the above equations that as a non-aqueous electrolyte is used, water
molecule utilized in the charge reaction of the aqueous system is eleminated and hence this battery
can be recharged. Discharge reactions are spontaneous reactions and occur due to the potential
difference between aluminum and oxygen. But in the charging process, electrical energy is to be
supplied through an external circuit to force reactions to proceed on opposite direction. In the
charging process, reverse reaction occurs at anode-electrolyte and cathode-electrolyte interface.
At the cathode electrolyte interface, aluminum oxide oxidizes as aluminum ions and oxygen
releasing electrons. Aluminum ion is migrated through the electrolyte and is reached anodeelectrolyte interface and is deposited on the surface of the aluminum anode. Electrons for this
reaction are supplied through an external circuit and hence the circuit is completed. The charging
equations are given by Equation 5 and 6, and overall cell reaction is given by Equation 7.
𝐴𝑙2 𝑂3 → 𝐴𝑙 3+ + 3𝑒 − + 𝑂2

(5)

𝐴𝑙 3+ + 3𝑒 − → 𝐴𝑙

(6)
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𝐴𝑙2 𝑂3 → 𝐴𝑙 + 𝑂2

(7)

Aluminum metal surface is covered by an oxide film as discussed in section [1.5]. This
oxide film decreases the rate of reaction as it hinders the oxidation reaction of aluminum. Hence
an in-depth study of the oxide film is required to improve the performance and will be discussed
in chapter [3]. It should be also noted that electrolyte is the key for transfer of ions from one
interface to other. Factors contributing to the migration of ions and in-depth analysis of nonaqueous electrolyte will be discussed in chapter [4] of this dissertation
2.2 Actual model for aluminum-air battery
Discussed above was a schematic of the aluminum-air battery. Figure 6 shows the actual
model of battery used in this work. It can be seen in Figure 6 that one end is open for the supply
of oxygen and another end is closed. Figure 6 also shows disassembled cell. Stainless-steel tube is
used at cathode end and stainless-steel rod is used at anode end. Anode and cathode are separated
by a Whatman 934-AH filter paper that acts as a membrane. This membrane is dipped in the
electrolyte and is placed between anode and cathode. All the components of cells are placed in a
PVC pipe fitting and are stored in the glove box to allow proper rest time so that pits are initiated
on the surface of aluminum and it will be discussed further in chapter [5].

Figure 6: Cell fixture of aluminum-air battery
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2.3 Preparation of Gas Diffusion Electrode
Platinum serves as catalyst to increase the rate of oxygen reduction reaction occurring at
the cathode-electrolyte interface and hence the carbon paper must to be coated with platinum
powder. 5 mg/cm2 of 10% Pt/C powder is weighed and taken in a clean vial. 33.5 µL/cm2 of Nafion
solution serves as a binding agent for platinum and is added to pt/C powder. Isopropanol and DI
water are used as solvents and are measured as 16.65 µL/cm2 and 4.15 µL/cm2 respectively and
are added in the vial. This mixture is then sonicated for 10 minutes and is then coated on Gas
Diffusion Layer (GDL) with Micro Porous Layer (MPL) bought from SGL. The coating is then
left for 24 hours for drying in air [8] and is cut in required dimensions and is used as a cathode in
the cell.

CHAPTER 3
FUNDAMENTAL STUDY OF OXIDE FILM

3.1 Structure of oxide film
Passive metals, such as aluminum, iron, zinc etc., have an air formed oxide film of
thickness approximately 4 nanometers. Figure 7 shows oxide film formed on an aluminum surface.
The thickness of the oxide film depends on the temperature of atmosphere with which the
aluminum is in contact. The schematic of the air formed oxide is also shown in Figure 7. Generally,
oxide film formed has two layers as shown in Figure 7 [9]. The inner layer is a compact barrier
and amorphous layer whose thickness depends solely on the temperature of the environment and
is independent of the nature of exposure environments, e.g. dry or moist air or oxygen.

Figure 7: SEM and schematic of oxide film on aluminum metal
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A thicker and permeable hydrated oxide layer is on top of the barrier layer, as shown in
Figure 7. This layer is porous and has flaws, which may extend from the surface to the inner barrier
layer, and its thickness ranges from 3 to 5 microns. The aluminum corrosion process is dependent
on the chemical properties of these oxide layers [9]. Two opposite forces act on the oxide film in
any given environment. The first is the film formation force, which tries to form the inner barrier
layer. The second is the destructive force, which tries to break it down. In dry air, the destructive
forces are absent, and as a result, only the barrier layer remains on the surface of aluminum.
However, when the destructive forces are too strong, the hydrated oxide layer grows rapidly and
only the little barrier layer remains. A dynamic balance is created between these two opposing
forces and a relatively thick oxide films, ranging from 20 to 200 nm, are formed [10].
3.2 Formation and growth of oxide film
Researchers have proposed several models for the growth of passive film over the past few
decades. T. P Hoar (1965) discusses the formation mechanism and the growth mechanism of oxide
film. Due to the potential difference between the metal and the oxide, an electric field of intensity
in the order of 106 V/cm exist across the oxide film. Consider a metal-oxide interface as shown in
Figure 8. A potential difference of ɛ12 exists at this interface. Due to this potential difference,
aluminum oxidizes as aluminum ions and electrons. Suppose ɛ2 is the potential difference of the
oxide film. Aluminum ions migrate in the oxide film because of this electric field [6]. Similarly,
suppose ɛ23 is the potential difference between the oxide and electrolyte interface as shown in
Figure 8. Due to this difference, metal ions move to the electrolyte side. This reaction is called
aluminum corrosion reaction, and its rate is given by Equation 8 [6].

16

𝛼𝑐𝐹 𝑂
𝑖𝑐 = 𝑖𝑐0 exp (
𝜂 )
𝑅𝑇 23

(8)

𝑂
) drives this reaction. If a higher potential difference exists
The potential difference (𝜂23

between the oxide and the electrolyte interface, the reaction proceeds at a higher rate, and the rate
of metal dissolution increases.

Figure 8: Sketch of film growth model
From the electrolyte side, due to the potential difference ɛ23, water is reduced to oxygen
ions and protons as shown in Figure 8. The oxide film attracts the oxygen ion because it is a
negative ion and the aluminum ion is positive; the proton is then repelled to the electrolyte side.
This reaction is called film formation or film dissolution reaction depending on the direction it
proceeds. Equation 9 determines the rate of film/dissolution reaction.
𝛼𝑙+ 𝐹
𝛼𝑙− 𝐹
𝑖𝑙 = 𝑖𝑙0 [exp (
𝜂𝑂23 ) − exp (−
𝜂𝑂23 )]
𝑅𝑇
𝑅𝑇

(9)

The first exponential term in equation 9 [6] represents the forward reaction and the second
term represents the backward reaction. If the rate of forward reaction is greater than the rate of
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backward reaction, then the thickness of the film increases, whereas if the rate of backward
reaction is greater than the rate of forward reaction, the film dissolute. As shown by the dashed
arrows in Figure 8, ion conduction can occur by the migration of aluminum ions or oxygen ions
or by both. Hence, oxide film can grow either at the metal-oxide interface or the oxide-electrolyte
interface [6].
3.3 Breakdown mechanism of oxide film
This paper infers from above section that oxide film can be broken down. Three
mechanisms are proposed in the literature for understanding breakdown of the oxide film. T.P
Hoar et al. proposed penetration mechanism to explain the breakdown of the oxide film. Ya.J.
Kolotyrkin et al. proposed adsorption mechanism for the breakdown of oxide film. K.J. Vetter et
al. explained breakdown of the oxide film through film breaking mechanism [11].
3.3.1 Penetration mechanism
T.P Hoar et all (1965) [12] first proposed penetration mechanism. As it is discussed above,
an electric field strength of intensity E exists between the metal and the oxide film. Ion migration
is achieved in the presence of this high electric field. As shown in Figure 9, aluminum oxidizes as
an aluminum ion and is migrated towards electrolyte through the oxide film. Oxygen is attracted
towards aluminum due to its negative nature and the film grows. If the electrolyte has an aggressive
ion such as chloride, due to its negative nature, it is also attracted towards aluminum ion and film
decreases in thickness. This process involves a steep increase of the dissolution rate at sites of pit
initiation [11]. Anions like chlorine contaminate the film into a much better ionic conductor and
film dissolution rate increases. This effect can be seen over a large passive area of oxide film. But

18

once the film is broken down, existing electric field establishes a homogeneous passive film and
favors repair of the oxide film.

Figure 9: Penetration mechanism
3.3.2 Film breaking mechanism
The oxide film is known to have flaws. When an aggressive ion encounters this passive
layer, it breaks down passive film and anions reach the bare active surface of the metal. Hence,
small parts of the bare surface are accessible to metal and localized corrosion is accelerated as
shown in Figure 10. This mechanism is known as a mechanical breakdown of the passive film.
This access of aggressive ions like chloride prevents passivation of metal and hence oxide film
thickness is decreased. Electrostriction forces are increased by the adsorption of chlorine ions and
it ruptures the passive film [11].

Figure 10: Film breaking mechanism
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3.3.3 Adsorption mechanism
Aggressive anions are adsorbed on the surface of passivating oxide [13]. When aggressive
ions interact with an ionic surface such as an oxide surface, four types of attractive forces act on
the oxide-ion system. These forces are coulombic forces, induction of the adsorbent by the
approaching ion, electrostatic polarization of the ion and nonpolar van der Waals forces [14]. Due
to these attractive forces, aggressive ions are adsorbed on the oxide surface and metal ions form
surface complexes with oxide and aggressive ions. These surface complexes increase the rate of
transfer of metal ions into the electrolyte when compared to non-complex ions. The film is thinned
because of formation of surface complex ions as shown in Figure 11. If the concentration of
aggressive ions is greater in the electrolyte, the rate of transfer of metal ions into electrolyte is
increased and the film will be completely thinned as shown in Figure 11. This process may occur
locally or uniformly over the entire passivated surface [11]. Hence, determination of optimal
chloride concentration in the electrolyte is vital for initiating pits and increasing the bare active
surface of metal for improving the performance of the battery.

Figure 11: Adsorption mechanism
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3.4 Controlling growth or breakdown of oxide film
In the previous sections, it was discussed that oxide film can be broken down upon
interaction with aggressive ions such as chloride. In this section, we will discuss key controlling
parameters and their effect on the passive oxide film on the aluminum surface. Let us consider a
metal-film-electrolyte system as shown in Figure 12. The oxide layer can be treated as an electrical
double layer as it has both positive (metal) and negative (oxide) ions in it [15]. Hence this oxide
layer can be treated as a dielectric media of dielectric constant ɛ. The electric field of intensity acts
across the oxide film due to the potential difference between metal and oxide as discussed in
section [3.2]. Hence this oxide layer or electrical double layer can be modeled as given in Figure
12.

Figure 12: Electrical double layer model
It is evident from Figure 12 that dielectric film is in contact with the electrolyte on one side
and with metal on the other side. To model the dielectric film, we assume that dielectric field is
free to deform on the solution side but is constrained on the metal side. Area, A of the film is
considered very large than thickness and hence, non-uniformity and edges can be neglected [16].
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The film pressure acting on the oxide film is derived as a function of electrostriction pressure
generated through electric field and surface tension and is given as follows
ɛ(ɛ − 1)𝐸 2 𝛾
𝑝 − 𝑝0 =
−
8𝜋
𝐿

(10)

The first term in above equation represents pressure due to electrostriction pressure
developed due to electric field intensity E and the second term represents surface tension term.
The First term represents breaking force whereas the second term represents the force trying to
form the oxide film. Since, electric field intensity is constant for a film of given thickness, growth
or breakdown of the passive film can be controlled by controlling surface tension.
3.4.1 Effect of electric field intensity
Electric field intensity varies with the thickness of passive oxide film and is given by
equation 11 where U is the potential difference and d is the thickness of oxide film. The thickness
of oxide film varies from 0.0005 microns to 0.01 microns and electric field intensity E is in the
order of 106 V/cm. A plot of film pressure at varying thickness is shown in Figure 13. Metal oxides
generally breakdown when the stress is in the range 100-1000 Kg/cm2 [16]. In this plot, an average
breakdown stress of 600 Kg/cm2 is considered as shown in Figure 13.

𝐸=

𝑈
𝑑

(11)

For aluminum metal oxides and hydroxides, the dielectric constant is in the range of 1-10,
whereas surface tension varies from 10-500 dyne/cm2 [16]. In Figure 13, the dielectric constant is
taken as 10 and surface tension is assumed to be 100 dyne/cm2. A Graph is plotted at three electric
field intensities of 4.15x106 V/cm, 4.74x106 V/cm, 5.53x106 V/cm. The point where
electrostriction pressure reaches breakdown stress of 600 Kg/cm2 is considered as the critical
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thickness of oxide film. It can be seen from Figure 13 that when E=4.15x106 V/cm (blue curve),
oxide film never breaks down as pressure developed in the film is less than breakdown stress at
any given thickness of oxide film. To break the oxide film at constant surface tension, electric field
intensity is increased to 4.74x106 V/cm (red curve). The critical thickness at this intensity is
calculated to be 0.035 microns. To decrease the critical thickness, electric field intensity is
increased to 5.53x106 V/cm (black curve). At this intensity, oxide film is broken down at a much
critical thickness of 0.016 microns. Hence, it is concluded that decrease in oxide film thickness is
at the expense of increasing electric field which results in potential losses.

Figure 13: Effect of electric field intensity
3.4.2 Effect of surface tension
It is clear from Figure 13 that intensity of electric field is to be increased to decrease the
critical thickness of oxide film. From equation 10, it can be inferred that by decreasing the surface
tension of the passive film, film pressure can be increased. Hence the effect of surface tension on
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film pressure is discussed in this section. Electric field intensity is kept constant at 4.74x106 V/cm
along with dielectric constant as 10. Figure 14 shows the effect of surface tension on film pressure.
When the surface tension is 300 dyne/cm (blue curve), oxide film will never be broken down as
pressure developed in the film never increases to breakdown stress of 600 Kg/cm2. But a decrease
in tension to 100 dyne/cm (red curve) breaks the passive oxide film at 0.035 microns. When the
surface tension is decreased to 10 dyne/cm (black curve), the film breaks down at a much lower
critical thickness of 0.0005 microns. Hence it can be concluded that decreasing surface tension
greatly reduces critical thickness than increasing electric field. More detail about surface tension
of oxide film and its control is discussed in next section of this chapter.

Figure 14: Effect of surface tension on film pressure
3.5 Surface tension, adsorption density and breakdown potential
It is clear from section [3.4.2], that the critical thickness of oxide film can be reduced by
reducing the surface tension of the oxide. In this section, we will discuss the dependence of surface
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tension on anion adsorption density. Surface tension of oxide has an indirect relationship with
anion adsorption density and is given by Gibbs adsorption isotherm as follows [16]
−𝑑𝛾 = 𝑞𝑑𝜑 + 𝛤𝐴− 𝑑µ𝐾𝐴

(12)

It can be inferred from Equation 12 that if more aggressive ions like chloride are adsorbed
on the surface of oxide, then its surface tension decreases and film can be broken down at very
low critical thickness. The concentration of chlorine ions in the electrolyte and their variation in
surface tension resulting in the breakdown of oxide film will be discussed further in Chapter [5]
of this report.
Adsorption density can be used for determining breakdown potential of the oxide film.
Breakdown potential is the potential at which the film pressure exceeds breakdown stress [16].
Breakdown potential is also defined as the minimum applied potential after which current density
increases very steeply [17]. The ratio of breakdown potential and concentration of ions in the
electrolyte is directly proportional to the adsorption density and was derived and is given by
Equation 13 [16] as
∗
𝑑𝜑 ∗
8𝜋𝑘𝑇𝛤𝐴−
=−
𝑑𝑙𝑛𝑎𝐾𝐴
ɛ(ɛ + 1)𝐸

(13)

All the terms on the right-hand side of Equation 13 are constant for a given film but
adsorption density. Breakdown potential is calculated experimentally and thus adsorption density
can be calculated. It should be noted that oxide breaks down within 100 ms of exposure to
aggressive ions and hence it is very difficult to calculate adsorption density at breakdown
experimentally. But, adsorption density after breakdown is calculated through EDX analysis and
are tabulated in table 2. Data in Table 2 can be used to determine excess chlorines adsorbed on the
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surface and hence, chlorine concentration for optimal battery performance can be determined. This
will be further discussed in section [6.2] of this report.
Table 2: Adsorption density at different ionic liquid ratios
Ionic liquid ratio

Adsorption density

1:0.5

9.81x1019 ions/cm2

1:1

15.98x1019 ions/cm2

1:1.5

22.1x1019 ions/cm2

CHAPTER 4
NON-AQUEOUS ELECTROLYTE

As it was discussed in the previous sections, chloride greatly reduces oxide film thickness
and hence aqueous electrolytes having chloride has been the center of research for aluminum-air
batteries over past few decades. But the hydrogen evolution reaction due to the presence of water
in aqueous electrolytes has hindered charge reactions for aluminum-air batteries. Hence, in this
research, a novel system of non-aqueous electrolytes has been utilized. Properties of this
electrolyte, composition, variation in species of chloroaluminate ions and its effect on oxide
surface of the aluminum anode will be elaborated in this chapter.
4.1 Functional requirement of electrolyte
The non-aqueous electrolyte to be used has some requirements to be satisfied to effectively
control the oxide film and thereby give the best accessible surface of the aluminum anode to the
electrolyte which will enhance ion transfer and increase the performance of the battery. In this
section, such functional requirements of electrolyte will be elaborated.
The electrolyte will be in contact with the aluminum surface and hence it should not
corrode aluminum surface. Hence it should be anhydrous and aprotic solvent. Electrochemical
reactions span over a wide electrochemical window and the electrolyte should not be degraded in
the operating range. Hence electrolyte should be stable within the operating chemical window so
as not do lower transfer rate of ions and decrease the performance of the battery. Aqueous
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electrolytes are volatile and are the main cause for burning of batteries as discussed in section
[1.2]. Hence the new electrolyte should be non-volatile so that battery is safe for the environment.
Under operating conditions of a cell, ions are transferred from anode to electrolyte and then to the
cathode-electrolyte interface. Hence electrolyte must allow the flow of these ions through it. This
flow of ions through a liquid is called as ionic conductivity. The decrease in ionic conductivity
increases ohmic losses and hence the performance of battery is decreased. Therefore, the
electrolyte should have high conductivity to decrease ohmic losses. Non-aqueous electrolytes are
generally viscous fluids. If the viscosity is high, the fluid mobility decreases and battery
performance is decreased. Hence, the electrolytes should have low viscosity to increase the
mobility of ions through it.
There are many electrolytes that satisfy these requirements but ionic liquid is best because
it is non-aqueous and conductivity is very high for these electrolytes
4.2 Ionic liquid
Conventional electrolytes are prepared by dissolution of salts in molecular solvents such
as water. On the other hand, the supply of heat to the system to counterbalance the salt lattice
energy can also melt salts. Such a system is commonly known as molten salts or ionic liquids [18].
In other words, the ionic liquid is described as a salt in which ions are poorly coordinated. If the
melting temperature of these salts is less than 100 0C, these salts are termed as Room Temperature
Ionic Liquids (RTIL’s). In this research, first generation ionic liquid by name 1-Ethyl, 3-Methyl
Imidazolium Chloride ([EmIm]Cl) is used as it is commercially available. This ionic liquid will be
mixed with aluminum chloride (AlCl3) in varied ratios and effect of this ratio on conductivity
hence battery performance will be evaluated further in section [4.4] and section [5.3] respectively.
As discussed in section [4.1], the ionic liquid should have functional requirements to be used
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effectively as an electrolyte in the battery. Such properties of this ionic liquid will be elaborated in
section [4.3].
4.3 Properties of 1-Ethyl, 3-Methyl Imidazolium chloride ([EmIm]Cl)
[EmIm]Cl is a quaternary ammonium salt of imidazolium family. It is coupled with
aluminum chloride as the latter is a Lewis acid and acts as a catalyst. This ionic liquid is chosen in
this research as it readily forms chloroaluminate species making this ionic liquid a good solvent
for conducting various electrochemical reactions [18]. The melting point of this ionic liquid is 79
0

C whereas its freezing point is at 33 0C. This ionic liquid is stable in an electrochemical window

of 4.4 V and transport numbers are 0.71 for cation and 0.23 for anion. The conductivity of ionic
liquids is generally lower by an order of 10 if compared with aqueous electrolytes and conductivity
for [EmIm]Cl in the order of 10 mS/cm which is very high for ionic liquids. Conventional
electrolytes such as KOH solution has a conductivity of 540 mS/cm and H2SO4 has a conductivity
level of 730 mS/cm [8]. This ionic liquid is very sensitive to moisture as both [EmIm]Cl and AlCl3
are very hygroscopic and should be operated in a glove box filled with inert gas.
4.4 Preparation of ionic liquid
1-Ethyl, 3-Methyl Imidazolium chloride is a first-generation ionic liquid and is
commercially available. It was bought from Acros Organics and was 97% pure. The remaining 3%
is mostly residual water and needed to be removed as the use of a non-aqueous electrolyte is
investigated in this research. [EmIm]Cl is very hygroscopic and was stored in a glove box filled
with Argon gas to prevent its contamination with moisture. Weighed [EmIm]Cl was taken in a
beaker and suspended in an oil bath as shown in Figure 15. Then it was heated at 130 0C for 1820 hours to remove residual water [19]. This melt after cooling down was taken in the glove box
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and AlCl3 (99%, Sigma-Aldrich) was added. The reaction between [EmIm]Cl is very exothermic
and no additional supply of heat was needed. The reaction between [EmIm]Cl and AlCl3 is given
in Equation 14. Depending on the ratio of Cation ([EmIm]cl) and anion (AlCl3), we get different
species of chloroaluminates. Ionic liquids are made in varied ratios of cation to anion from 1:0.5
to 1:2 and the effect of concentration of chlorine on oxide film, conductivity, open circuit voltage,
and battery performance is investigated.

(14)

Figure 15: Heating equipment to remove residual water
4.5 Characterization of ionic liquid
The Ionic liquid is prepared in different ratios of cation and anion. AlCl3 acts as a Lewis
acid as it readily accepts electrons to get a full valence shell of eight electrons. Therefore, its
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addition increases acidic nature of the ionic liquid. Hence, the ionic liquid turns from basic at 1:0.5
to acidic at 1:2. It can be seen from Equation 14 that as the amount of AlCl3 increases, multicoordinated chloro-aluminate species increases. To determine this effect, ionic liquids are
characterized by Nuclear Magnetic Resonance (NMR) Spectroscopy.
Figure 16 presents 27-Al NMR spectra at 1:0.5 ratio. This NMR was done by taking pure
ionic liquid in NMR tube. No solvent is added to the compound as this ionic liquid gave immiscible
layers with conventional NMR solvents such as deuterated water, deuterated chloroform,
deuterated Dimethyl sulfoxide etc. If an aluminum atom is bonded to four chlorines, a peak is
obtained at approximately 104 ppm [20]. It can be seen in Figure 17 that a peak in the spectra is
obtained at 103.6 ppm. Since it is a clear single peak, we can conclude that ionic liquid at 1:0.5
ratio has only AlCl4- ions.

Figure 16: 27-AL NMR at 1:0.5 ratio
Since it is confirmed that only AlCl4- ions are present in the ionic liquid at ratio 1:0.5,
another sample of ionic liquid was prepared at 1:1 ratio. The acidity is increased as amount of
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AlCl3 is increased in 1:1 ratio. Figure 17 shows 27-Al NMR spectra at 1:1 ratio. Only one peak
can be seen at 104 ppm which corresponds to AlCl4-.

104 ppm

Figure 17: 27-AL NMR Spectra at 1:1 ratio

106 ppm

Figure 18:27-AL NMR Spectra at 1:1.5 ratio
The acidity was further increased when the ionic liquid was made in cation to anion ratio
of 1:1.5. Effect of this ratio can be seen in NMR spectra of Figure 18. A doublet can be seen in
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this spectra at 106 ppm. This means that aluminum atom is bonded to another aluminum and in
this case, it can only be Al2Cl7-. Hence at a ratio of 1:1.5 of the ionic liquid, we can say that multicoordinated chloro-aluminate species are present. Presence of Al2Cl7- ions influence oxide film
and conductivity thereby affecting the performance of the battery. These effects will be discussed
in detail in Chapter [5] of this report.

CHAPTER 5
RESULTS AND DISCUSSION

5.1 Effect of chlorine
It was discussed in the previous sections that chlorine adsorption on oxide surface
negatively affects surface tension of oxide film and concentration of chlorine can be controlled by
controlling ratio of ionic liquid. The decrease in surface tension of oxide film decreases the critical
thickness of oxide by a great order as shown in Figure 14. Hence ionic liquids were made in
different ratios of cation ([EmIm]Cl) and anion (AlCl3) and their effect on oxide film are discussed
in the following sections.
5.1.1 Effect of electrolyte on oxide film
Acids are also known to corrode metal surfaces. Therefore, the aluminum sheet was treated
with a combination of 0.1N aqueous nitric acid solution, 0.1N aqueous sulfuric acid solution
diluted with DI water. Ionic liquid also breaks the oxide film due to the presence of chlorine and
hence aluminum sheet was immersed in ionic liquid at 1:0.5 ratio of cation to the anion. Figure 19
shows a comparison of SEM images of these treated aluminum samples with a non-treated sample.
It can be seen form Figure 19-(a) and Figure 19–(b) that entire aluminum surface is covered by
oxide film whose thickness generally varies from 3-8 microns. A slight corrosion can be seen in
Figure 19-(c) and Figure 19-(d) as this sheet of aluminum is treated by acids of before-mentioned
combination. It is important to note that there is almost no change in oxide film thickness due to
acid treatment. To study the effect of chlorine on oxide film, scanning electron microscopy was
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performed on aluminum sheet treated with ionic liquid at 1:0.5 ratio. A lot of blisters on the film
can be seen in micrograph whereas slight corrosion can also be seen in cross-sectional view (Figure
19-(f)). It is clear from below figure that chlorine has changed oxide film and if its concentration
increases, oxide film can be broken down and bare metal of aluminum surface may be accessible
to ease the transfer of ions.

Figure 19:SEM images of effect of electrolyte on oxide film
5.1.2 Effect of chlorine concentration on oxide film
To determine the effect of chloride concentration on oxide film, aluminum samples were
treated with ionic liquid of ratios 1:0.5, 1:1 and 1:1.5. Figure 20 shows the scanning electron
micrographs of aluminum sheet treated with varied ratios of ionic liquid as mentioned above.
Figure 20-(a) and Figure 20-(b) represent aluminum sample treated with ionic liquid ratio 1:0.5.
Oxide blisters are formed on surface of oxide due to interaction with chloride as seen in Figure 20(a). Oxide film is not ruptured, indicating electrostriction pressure has not reached breakdown
stress. It can be seen in the cross-sectional view (Figure 20-(b)) that oxide film or aluminum
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surface has been slightly corroded. When the chlorine concentration increases as ionic liquid ratio
increases to 1:1, cracks are developed in the oxide film (Figure 20- (c)). Electrolyte now has a very
low access to the bare surface of aluminum. Increased corrosion can be noted in the cross-sectional
view (Figure 20-(d)) of the same. It is also very important to note that majority of the oxide film
is still intact and hasn’t been contaminated by chloride. This leaves a window open for increasing
chlorine concentration and study its effect on oxide film and access to bare surface of aluminum.

Figure 20: SEM of effect of chlorine concentration on oxide film
Same aluminum samples were then treated with ionic liquid ratio of 1:1.5. Figure 20-(e)
and Figure 20-(f) shows the scanning electron microscopic images of the same. Number of cracks
have increased upon treatment with higher concentration of chlorine and hence access to the bare
surface of aluminum has increased. It can also be noted that oxide film is delaminated from metal
surface (Figure 20-(f)) and high corrosion can also be seen. It is clear from Figure 20 – (e) that
oxide film is not intact with the surface as in Figure 20-(c). Hence it can be concluded that as
chlorine concentration in the electrolyte increases, the surface tension of oxide decreases and oxide
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film is mechanically broken down. Effect of this mechanical breakdown of oxide film on open
circuit voltage developed by the battery will be elaborated in next section.
5.1.3 Effect of chlorine concentration on OCV
Ionic liquids were made in ratios from 1:0.5 to 1:2 and their effect on open circuit voltage (OCV)
developed in the cell is shown in
Figure 21. OCV is the voltage of the cell in rest condition or when no current is taken from the
cell. As ionic liquid ratio increases from 1:0.5 to 1:2, OCV increases from 0.45 V to 1.4 V. This is
due to increase in cracks and increase in access to the bare active surface area of aluminum. The
oxidation reaction of aluminum increases and an increase in OCV is noted. But, when the ionic
liquid ratio reaches 1:2 ratio, meaning more increase in chlorine concentration, OCV is dropped
to 0.91 V. This can be attributed to the fact that chlorine also has a negative effect as its
concentration is increased beyond a certain point. Figure 21 suggests that 1:1.5 ratio gives the best
surface of aluminum to increase the voltage developed by the battery.
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Figure 21: Effect of chlorine concentration on OCV

1:2

37

5.1.4 Effect of chlorine concentration on conductivity
As discussed in section [4.5], at an ionic liquid ratio of 1:1.5, multi coordinated
chloroaluminate ions (Al2Cl7-) are formed. It was also seen visually in various prepared ionic
liquids, as ratio increases, viscosity decreases. This should increase the conductivity of the ionic
liquid. In this section, conductivity measurement and its variation with respect to ionic liquid ratios
will be elaborated.
To measure the conductivity of the ionic liquid, a pH/conductivity meter was bought from
Cole-Parmer. This conductivity meter was calibrated using 12.8 mS/cm conductivity standard
potassium chloride solution. Generally, conductivities of ionic liquids are in the order of 10 mS/cm
and hence this conductivity standard was used. Only one point calibration was performed on this
meter. Figure 22 shows the variation in conductivity for ionic liquid at three different ratios.
Conductivity is least at 3.4 mS/cm for 1:0.5 ratio. This is due to very high viscous nature of ionic
liquid at this ratio and due to insufficient chloroaluminate ions. Conductivity is increased to 16.2
mS/cm at 1:1 ratio of ionic liquid as seen in Figure 22. This increase in conductivity is due to
decrease in viscosity and increase in AlCl4- ions at 1:1.5 ratio of ionic liquid. A decrease in
conductivity is experienced from 16.2 mS/cm to 14.6 mS/cm when the ionic liquid ratio was
increased to 1:1.5 from 1:1. This is due to the presence of Al2Cl7- ions. Al2Cl7- ion is relatively
larger in size than AlCl4- and hence its mobility decreases. Therefore, we can see a decrease in
conductivity as chlorine concentration increases in the ionic liquid. Hence it can be concluded
from Figure 22 that concentration of AlCl4- ions is critical in effecting conductivity of the ionic
liquid. Effect of conductivity on battery performance will be discussed in section [5.1.5] of this
chapter.
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Figure 22:Effect of chlorine concentration on conductivity
5.1.5 Effect of chlorine on discharge polarization
Polarization graph is a curve plotted between voltage and current density of an
electrochemical system to study losses associated with the system such as activation loss, ohmic
loss and mass transfer loss. In this graph, voltage is taken on Y-axis and current density is taken
on X-axis. In this experiment, initially the cell is held at rest condition and then the current is drawn
from the cell in steps of few milliamperes to amperes depending on the system. Figure 23 shows
discharge polarization at ionic liquid ratios of 1:1 and 1:1.5. Due to increase in the bare active
surface area of aluminum on treatment from ionic liquid ratio of 1:1 to ionic liquid ratio of 1:1.5,
the cell voltage has increased from 0.8 V to 1.2 V. Al2Cl7- ions present in 1:1.5 ratio of ionic liquid
decreased the conductivity of electrolyte and thereby ohmic losses are increased at 1:1.5 ratio of
the ionic liquid compared to 1:1 ratio of ionic liquid. As a result, the maximum current discharged
by a cell using 1:1.5 ratio of ionic liquid is 3.4 mA/cm2, which is less than 5.8 mA/cm2 using 1:1
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as ionic liquid ratio. Hence, Al2Cl7 ions are very critical as they decrease the conductivity of ionic
liquid and as a result, battery performance is decreased.
1.4
1:1.5 ratio

1:1 ratio

1.2

Cell Voltage (V)

1

Increase in
ohmic loss

0.8
0.6
0.4
0.2
0
0

1

2

3

4

5

6

Current Density (mA/cm2)

Figure 23: Effect of chlorine on discharge polarization
5.2 Effect of rest time
After the cells were assembled, they were rested under inert argon gas environment to allow
proper pit initiation on the aluminum surface. The optimal rest time under argon environment for
pit initiation is unknown hence various trials were conducted at different times to investigate the
effect of rest time on the oxide film.
5.2.1 Effect of rest time on oxide film
The cells were assembled using an ionic liquid ratio of 1:1.5 and kept under argon for 2
hours, 4 hours and 20 hours to determine the best condition of the aluminum surface. The cells
were then disassembled and the aluminum anode was used for studying the surface of aluminum
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using scanning electron microscope. Figure 24 shows micrographs of the aluminum surface
obtained at that condition. A slight pit initiation can be seen when rest time was 2 hours (Figure
24-a) and the oxide film is delaminated from the aluminum surface (Figure 24-b). Pits are increased
and access to the bare active surface of aluminum also increased when rest time was increased to
4 hours and is evident from Figure 24-(c). Oxide film is highly delaminated as shown in Figure
24-(d). The rest time was then increased to 20 hours. This increased caused a complete dissolution
of oxide film (Figure 24-(c) and Figure 24-(f)).
It can be concluded that an optimal rest time of 4 hours is required to initiate enough pits
on the surface of aluminum so that surface area is exposed. Increasing rest time i.e., increasing
access of oxide film to ionic liquid completely corrodes the surface of aluminum and hence battery
performance will be decreased. Effect of these surfaces on open circuit voltage developed in the
battery will be discussed in next section. It should be noted that these aluminum samples are from
assembled cells. In that way, they have limited access to the electrolyte.

Figure 24: Effect of rest time on oxide film
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5.2.2 Effect of rest time on OCV
Effect of rest time on oxide film was discussed in above section and OCV changes due to
surface change will be discussed in this section. Figure 25 shows a plot of the same. OCV measured
in the cell was 0.72 V after two hours of rest time. This OCV was increased to 1.2 V when rest
time was increased to 4 hours. Due to the complete wipeout of oxide film and high corrosion of
aluminum surface, the cell voltage was only 0.45 V at rest time for 20 hours. Hence it can be
concluded that an optimal rest time of four hours is required to initiate enough pits on the surface
of aluminum so that oxidation rate of aluminum and transfer of these ions into the electrolyte
increases.
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Figure 25: Effect of rest time on OCV
5.2.3 Effect of exposure time on oxide film
To study the surface morphologies of aluminum surface under cell operating conditions,
aluminum samples were collected from a disassembled cell and were taken for SEM analysis in
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section [5.2.1]. These aluminum samples were in contact with the membrane that has electrolyte.
In that way, a limited amount of electrolyte was accessible to the aluminum surface. In this section,
we will discuss the effect of time on aluminum samples that were dipped in electrolyte directly.
Samples were dipped in the ionic liquid of ratio 1:1.5 for 1 minute, 30 minutes and 1 hour and
scanning electron microscope images of same are shown in Figure 26. A lot of cracks in the oxide
film can be seen when the exposure time was 1 minute (Figure 26-a). Similarly, corrosion can also
be seen in cross-sectional view of the same sample (Figure 26- b). Cracks are increased and the
oxide film is delaminated upon exposure to ionic liquid for 30 min. Access to the bare active
surface of aluminum is also increased. This effect can be seen in Figure 26-(c). Increase in
corrosion for the same sample can be seen in Figure 26-(d). This increase can be attributed to the
aggressive action of chloride ions on the oxide film. Similarly, as the exposure time was increased
to one hour, corrosion of aluminum surface or contamination of oxide is increased as chlorine
interaction was increased with the oxide film. Bare active surface of aluminum is exposed causing
increased corrosion of aluminum.

Figure 26: Effect of time on oxide film
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5.3 Charge polarization
As a non-aqueous electrolyte has been used in this research, there is no loss of applied
energy to side reaction discussed in section [1.5.2]. Hence, this battery should be able to charge.
To validate the use of the non-aqueous system, the cell was recharged. Charge polarization graph
is shown in Figure 27. The Ionic liquid ratio of cation to anion in this experiment was 1:1.5.
Charging process should be stopped at a certain voltage as increase beyond this point leads to
deuteriation of the air-breathing cathode. This voltage is called as cut-off voltage and was 2.5 V
for this experiment. The battery was charged successfully and maximum current density reached
was 2 mA/cm2.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions
In this research, challenging issues of aluminum-air battery such as oxide film covering the
surface of aluminum and self-corrosion of aluminum are analyzed and efforts are made to
understand how to minimize these issues. The Side reaction was eliminated completely using nonaqueous electrolyte which don’t contain the main source of side reaction i.e., water. To analyze
oxide film and its dissolution in the presence of aggressive ions, a fundamental study of oxide film
such as its structure, formation and growth, breakdown, and controlling parameters for growth
and/or break down was discussed in detail. It was noted that due to the potential difference between
metal and oxide, a constant electric field exists in the film causing migration of ions. This electric
field forces the ions to move strongly against the oxide film, exerting compressive force on the
film. If the film is too strong, and large potential field is required to break down it, substantial
voltage loss (low OCV and big kinetic loss) will be resulted in actual cell condition. The surface
tension of the oxide film acts as a protective force against breakdown of oxide film. If we can
decrease surface tension of oxide film, we can breakdown the oxide film without a large potential
field and hence the voltage losses in actual cell performance can be minimized. The surface tension
of the oxide film can be reduced by anion concentration in the electrolyte. But, if concentration of
anion is increased too much even after breakdown of oxide film, the anions start to corrode
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aluminum surface and open circuit voltage will be decreased. Hence, the ratio of anion
concentration in the electrolyte is a key parameter in controlling oxide film and breaking down
oxide film so that best condition of aluminum surface is accessible and battery performance can
be increased.
Anion concentration in the electrolyte is dependent on the ratio of cation to anion in the
ionic liquid. Ionic liquid was prepared in different ratios of cation and anion and was characterized
by NMR analysis to determine different chloroaluminate species. It is very important to measure
the conductivity of the ionic liquid as multi-coordinated chloroaluminate species (Al2Cl7- ions) are
bigger in size and hence their mobility is low compared to single coordinated chloroaluminate ions
(AlCl4-). Hence, the conductivity of ionic liquid at different ratios was determined by
pH/conductivity meter. Interaction of aluminum anode with the ionic liquid contaminates oxide
film and the bare active surface of aluminum is accessible to the electrolyte. Hence, cells were
assembled with an ionic liquid at different ratios of electrolytes serving as electrolyte and
performance graph at different ratios were plotted. Similarly, interaction time also effects pit
initiation and corrosion of aluminum surface. Efficient rest time under inert conditions was also
determined so that best condition of the surface of aluminum is accessible in the cell and thereby
performance is increased.
The following conclusions can be drawn from tested experiments and analysis of oxide
film.

(i)

As the ionic liquid ratio of cation ([EmIm]Cl) to anion (AlCl3) was increased from
1:0.5 to 1:1.5, anion concentration in the electrolyte increased and therefore surface
tension of oxide film was decreased. Hence no. of pits induced at higher
concentration increases and the bare active surface of aluminum was also increased.
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(ii)

Due to increase in accessible active surface area, open circuit voltage developed in
the cell increased from 0.45 V at 1:0.5 ratio to 1.2 V at 1:1.5 ratio. Due to the excess
chlorine and high corrosion of aluminum, open circuit voltage decreased to 0.91 V
at 1:2 ratio of ionic liquid.

(iii)

Presence of Al2Cl7- ions at 1:1.5 ratio was confirmed through NMR analysis. These
ions decrease mobility and hence conductivity was decreased from 16.2 mS/cm at
1:1 ratio to 14.6 mS/cm. low conductivity of 3.4 mS/cm was calculated at 1:0.5
ratio due which may be attributed to the low viscosity of ionic liquid at that ratio.

(iv)

In discharge polarization experiment, maximum discharge current was decreased
from 5.8 mA/cm2 at 1:1 ratio to 3.4 mA/cm2 at 1:1.5 ratio due to the presence of
Al2Cl7- ions in the electrolyte at 1:1.5 ratio. These ions decrease conductivity hence
increasing the ohmic loss. OCV was increased from 0.85 V at 1:1 ratio to 1.2 V at
1:1.5 as the bare active surface of aluminum was increased from 1:1 to 1:1.5 ratio
of cation to anion in the electrolyte.

(v)

From the conducted experiments, it can be concluded that an optimal rest time of
four hours is required to initiate pits and the best active surface of aluminum is
accessible after this rest time under argon.

6.2 Future work
In this study, the effect of chlorine concentration in the electrolyte on oxide film was
analyzed but the dependence of breakdown potential on chlorine concentration was not
determined. This term is very important as it determines chlorine adsorption for the breakdown of
oxide film and can be used for determining the optimal ratio of cation to anion in the electrolyte.
For determining breakdown potential, individual behavior of electrodes is needed to be studied. A
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three-electrode cell can be developed wherein aluminum acts as working electrode, platinum
electrode acts as a counter electrode and silver/silver chloride electrode serves as a reference
electrode. A negative potential is applied across the working electrode and sudden rise in current
density can be seen in this experiment. The voltage at the point where current density increases
suddenly is known as breakdown potential. This calculated breakdown potential can be used to
calculate anion adsorption density at breakdown potential using Equation 13. Hence, excess
chlorine ions adsorbed at the surface can be determined and the ionic liquid ratio can be optimized.
Since this research was mainly focused on understanding the behavior of oxide film under different
combinations of ionic liquid, efforts to increase battery performance were not made. Battery
structure can be modified along with GDE preparation so that battery performance can be
improved. Charge performance can be analyzed and steps can be made to improve charge
performance of the aluminum-air battery.
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